1. Introduction {#sec0005}
===============

Probiotics are live microorganisms that they provide health advantageous when consumed, commonly via improving or refurbishing the gastrointestinal (GI) flora \[[@bib0005],[@bib0010]\]. These microorganisms via several identified and unidentified mechanisms increase human metabolism, relieve chronic intestinal inflammatory and functional disorders, infections, allergy, and also detoxification of several toxins like aflatoxins in products \[[@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035]\]. Foods containing probiotic bacteria fall within the "functional foods'' class and these foods should contain at least 10^7^ cfu/g probiotic bacteria and consumed at levels higher than 100 g/day to have helpful effects on health \[[@bib0040]\]. Different dairy products have long been used as carriers for probiotic bacteria \[[@bib0045], [@bib0050], [@bib0055]\]. Nevertheless, there are still problems encountered with the application of probiotic bacteria in dairy foods; one of them is survival of the probiotics in dairy foods and during GI transit to the site of action in the human gut. Cold stress, exposure to acid and bile and osmotic and oxidative stress may reduce the number of probiotic bacteria below the effective threshold (\[[@bib0060], [@bib0065], [@bib0070], [@bib0075], [@bib0080]\]).

Different techniques are available for improving the survival of probiotics and microencapsulation is one of the best and most outstanding techniques. This technique can be effective in both product storage as well as GI condition \[[@bib0070],[@bib0085]\]. The majority of studies conclude to the benefit of microencapsulation on raising the continued existence of the probiotics in dissimilar manufacture techniques and GI undesirable circumstances (\[[@bib0060],[@bib0090], [@bib0095], [@bib0100], [@bib0105]\]). Microencapsulation via calcium alginate (a liner anionic heteropolysaccharide) is an efficient technique for the immobilization of lactic acid bacteria (LAB). The simplicity of handling, its non-toxic nature, and its low cost have made it one of the most widely used techniques for microencapsulation \[[@bib0040],[@bib0110]\]. However, there are limitations for using alginate because of its low stability in the presence of chelating agents and in acidic conditions below pH 2. Chitosan (a liner cationic polysaccharide) is able to improve the strength of alginate beads and develop survivability of probiotic microorganisms in undesirable situations. Chitosan can be used as a coat to support micro-coverage over other negative-charge micro-covers \[[@bib0115], [@bib0120], [@bib0125], [@bib0130]\].

Eudragit (Eu) S100 (an anionic copolymer of methacrylic acid and methyl methacrylate that it is soluble in pH 7, but is non-soluble in acidic conditions and in water) has been used for micro/nano encapsulation. The Eu S100 can prevent the rapid dissolution of beads through the gastric cavity and the upper small intestine, and it may use for the targeted release of probiotic microorganisms in the colon (pH 7) \[[@bib0135],[@bib0140]\]. Eu polymers are non-toxic and food-grade material and have previously been used in pharmaceuticals. \[[@bib0145],[@bib0150]\]. Eu S100 as a secondary coating can strengthen the capsules containing probiotics (after first coating of chitosan over the alginate beads) \[[@bib0140],[@bib0155], [@bib0160], [@bib0165]\]. Also, Nanoparticles normally have a trend to accumulate and stick to the mucosal wall mainly in the inflammatory situation, therefore, Eu nanoparticles comprise two most important benefits; stick to the swollen district and releasing the probiotics in that area (mainly in the colon). Another advantage of nanoparticles in preference to Eu powder is the founding of a thin nano-size layer in surrounding the beads. This extremely slight thin layer is probably able to increase the strength of beads without expanding the size of them. Smaller beads may decrease the oral sense of beads in a foodstuff carrier and also diminish the utilization of costly Eu powder \[[@bib0165], [@bib0170], [@bib0175]\].

Lactic acid bacteria, especially Lactobacilli are the main probiotic microorganisms of the human gastrointestinal (GI) lumen. The proper adhesion of Lactobacilli to the enterocytes and their advanced health effects have led this genus of probiotic bacteria to be the most illustrated and applicable among other probiotic genera \[[@bib0180], [@bib0185], [@bib0190], [@bib0195]\]. *Lactobacillus acidophilus* is a probiotic microorganism existing in common yogurt \[[@bib0200],[@bib0205]\] and *Lactobacillus rhamnosus* has been newly added to yogurt as a beneficial probiotic \[[@bib0210],[@bib0215]\]. Iranian Doogh is a beverage made by yogurt, water, and salt and is a traditional and popular beverage in Iran and some other countries including Azerbaijan, Turkey, Iraq, Balkan, and Iceland. In fact, Iranian Doogh consists of milk fat (maximum 25 % of total dry non-fat in last manufactured goods), non-fat milk solids (minimum 3.2 % W/W), salt (0.2--1 % W/W) with a maximum pH of 4.50. Also, Carbon dioxide (minimum 0.4 % W/W) perhaps unnaturally or naturally has been added during fermentation time to the manufactured Iranian Doogh. Furthermore, thickening agents and/or anti-whey division compounds can be added (maximum 10 % of the total dry non-fat matter in last manufactured goods) (\[[@bib0220],[@bib0225]\]). In this study, we attempted a comprehensive examination of Iranian Doogh beverage containing probiotics bacteria (*Lactobacillus rhamnosus* and *Lactobacillus acidophilus*). Free and microencapsulated bacteria are compared for organoleptic characteristics and survivability in Doogh production and subsequently in simulated GI condition.

2. Material and methods {#sec0010}
=======================

2.1. Preparation of probiotic bacteria {#sec0015}
--------------------------------------

Probiotic bacteria cultures of *L. acidophilus* (PTCC 4356, Iranian Research Organization for Science and Technology) and *L. rhamnosus* PTCC 1469, Iranian Research Organization for Science and Technology were inoculated into MRS-broth and incubated at 37 ± 2 °C for 24 h in aerobic condition. Then the bacteria were collected by centrifugation Eppendorf, Centrifuge 5810 R, Germany at 5000 rpm 2800 G-force for 10 min, and afterward, it was washed by distilled water before applying in the encapsulation process \[[@bib0230]\].

2.2. Preparation of Eudragit S100 nanoparticles and chitosan solution {#sec0020}
---------------------------------------------------------------------

Eu S100 powder was obtained from Evonik Pharma Polymers (Evonik, D-64275, Darmstadt, Germany). To prepare the Eu S100 nanoparticles, we applied a modified Supercritical Antisolvent Technique (SAS) progression according to the method that already described by Ansari et al. \[[@bib0235]\]. In this method, 4 mg ml^−1^ of Eu solution added in distilled water gently as a supercritical fluid that had been held under homogenization pressure Wisetise, DAIHAN Scientific Co., Ltd, Korea at 26,000 rpm 75,712 G-force at 35 °C for 10 min. Also, distilled water as a surfactant included 15 mg L^−1^ Tween 80 (Merk, Hohenbrunn, Germany). Finally, the acetone solvent was evaporated. The particle size of the Eu and PDI (polydispersibility/polydispersivity index) were evaluated by means of the Laser Particle Size Analyzer device (Brookhaven Instruments Corporation, USA) \[[@bib0140],[@bib0155],[@bib0235]\]. For the preparation of the chitosan solution, we also used the method described earlier by Ansari et al. \[[@bib0235]\]. 0.4 g low-molecular-weight chitosan (Sigma, USA) mixed with 90 ml distilled water and acidified by use of 0.4 ml of glacial acetic acid (Merk, Darmstadt, Germany). Then, the pH was regulated in 5.6--5.8 using 1 mol L^−1^ NaOH, and the solution was filtered through Whatman \#4 paper filter and the extent was adjusted to 100 ml before sterilizing into the autoclave (121 °C, 15 min). Lastly, the chitosan solution was held at 5 °C overnight.

2.3. Microencapsulation and the double coating of probiotic bacteria {#sec0025}
--------------------------------------------------------------------

In this study, the extrusion method with sodium alginate and calcium chloride was performed for the microencapsulation process described earlier by Mirzaei et al. \[[@bib0240]\]. The first coating of beads with chitosan was performed by Chávarri et al. \[[@bib0125]\] and Kanmani et al. \[[@bib0245]\], and the second coating with Eudragit S100 nanoparticles was prepared as described by Badhana et al. \[[@bib0135]\] methods respectively. Finally, these double-coated beads were collected and rinsed thoroughly with distilled water and used on the same day. In this process, 4 g 100 ml^−1^ sodium alginate (Sigma, USA) was mixed with distilled water, sterilized and kept at 5 °C overnight. Following day, 10 ml of probiotic suspension (2 × 10^10^ cfu ml^−1^) was added to the sodium alginate liquid. Then, the combination of the bacterial suspension and sodium alginate was injected into the sterile calcium chloride (CaCl~2~) solution 0.1 mol/ l - 0.1 M (Merk, Darmstadt, Germany) solution via sterile insulin syringes (0.2 mm). After applying the drops into CaCl~2~ solution, the drops immediately turned into clot balls (the space between the CaCl~2~ solution and syringe needle was roughly 20 cm, and we applied as much pressure as possible to the syringe to force the solution out extremely fast), and in 60 min, the all of beads were collected. For the first coating, the beads were submerged in 100 ml of chitosan solution slowly shaken at 100 rpm (1 G-force) for 40 min on a stirrer. Then, the chitosan-coated beads (single coated) were gathered and rinsed with distilled water. For the second coating, the beads were immersed in 100 ml Eu S100 nanoparticles solution (4 mg 100 ml^−1^ and held for 4 h on the stirrer IKA Labortechnik, Model 79219 Staufen, KG, Germany 100 rpm or 1 G-force. Lastly, the double-coated beads were washed thoroughly with distilled water and used on the same day.

2.4. Characterization of beads {#sec0030}
------------------------------

Approximately 10 beads were randomly sampled (In terms of shape and size) from the Doogh beverages and then, the diameter, outside morphology, shape, and position of the external wall and inside appearance of beads were studied by an optical microscope \[[@bib0235]\]. Furthermore, a scanning electron microscope (SEM) technique was used to discriminate between surfaces of the beads with or without nanoparticle coating \[[@bib0235]\].

2.5. Iranian Doogh beverage preparation {#sec0035}
---------------------------------------

Doogh milk with 5 % of solid nonfat was prepared via reconstituted skim milk powder and sterilized filtered water. This combination as well included 0.5 % sodium chloride. The milk was heated at 95 °C for 15 min and it was inoculated with lyophilized powder of the traditional yogurt starters the following incubation at 42 °C until pH of 4.50 was reached. \[[@bib0250],[@bib0255]\]. We then freed and encapsulated the mentioned probiotic bacteria (2 × 10^10^ cfu ml or g^−1^) and inoculated into Doogh beverage. In fact, centrifuged of 10 ml of free bacteria (1 mL), 1 g of beads containing 1 ml (centrifuged of 10 ml of free bacteria) of free bacteria. 1 ml of free bacteria and 1 g of beads added to 10 ml of product. The samples (every sample contains 10 ml of Doogh with 1 ml of free bacteria and with 1 g of beads) were kept at 5 °C for 42 days.

2.6. Survey of the survivability of free and microencapsulated probiotic bacteria into Iranian Doogh beverage during storage time {#sec0040}
---------------------------------------------------------------------------------------------------------------------------------

The survivability of free and encapsulated bacteria into Doogh beverage examined in 0, 7, 14, 21, 28, 35 and 42 days with one week as interval time. Bacterial enumeration was determined according to the methods described earlier by Ansari et al. \[[@bib0235]\], and Shah \[[@bib0260]\]. The counting of every probiotic was done directly following the production of probiotic Doogh beverage and during 42 days with one week as interval time. The samples of Doogh (10 ml) were diluted into 90 ml distilled water and then 1 ml aliquot dilutions were dispensed to each plate of the MRS-Salicin-agar for L. rhamnosus and MRS-Glucose-Vancomycin-agar for L. rhamnosus \[[@bib0090],[@bib0265]\]. All Counting plates were incubated at 37 °C for 48 h in aerobic conditions. To count the encapsulated bacteria inside Doogh beverage, the captured bacteria were released from beads described earlier by Ansari et al. \[[@bib0235]\]. Ten milliliters of Doogh (containing 1 g beads) were blended with 90 ml of phosphate buffer (0.1 mol L-1, pH 7.0) followed by 60 min shaking in a bag blender (netech-laboratory, Bag Tech®). The Doogh sample including free probiotic bacteria was treated in a similar approach so to remain the same analogous action order.

2.7. Survey of survivability of free and microencapsulated probiotic bacteria following sequential incubation in simulated gastric and intestinal liquid (in vitro) {#sec0045}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

The effectiveness of bacteria in GI simulation milieu was examined in 14, 28 and 42 days after the inoculation of bacteria (in two forms; free and microencapsulated with double coating) into Doogh beverage. In every mentioned day (14, 28, and 42) the samples (10 ml of Doogh contains free cells and 10 ml of Doogh contains beads (1 g)) were put distinctly in a tube counted by 100 ml of sterilized simulated gastric liquid (pH 1.5, 0.08 mol L^−1^ HCl, including 2 g L^−1^ NaCl, and 3 g L^−1^ pepsin) and incubated for 30, 60, 90, and 120 min at 37 ± 2 °C. Following the incubation, aliquots of 1 g of beads or 1 ml of free cell suspensions from the prior phase were transferred to 10 ml of sterilized simulated intestinal liquid (pH 7.5, 0.05 mol L^−1^ KH2PO4, and 10 g L^−1^ bile). Then, these tubes were incubated for 150 min at 37 ± 2 °C. Finally, samples were diluted into sterilized peptone water and 1 ml aliquot dilutions were dispensed to each plate of the MRS-Salicin-agar for *L. acidophilus* and MRS-Glucose-Vancomycin-agar for *L. rhamnosus*. All Counting plates were incubated at 37 ± 2 °C for 48 h in aerobic circumstances (See [Fig. 1](#fig0005){ref-type="fig"}). (\[[@bib0270], [@bib0275], [@bib0280]\]). To enumerate the encapsulated bacteria, the arrested cells were released from the beads. The beads re-suspended in 90 ml of phosphate buffer (pH 7.0, 0.1 mol L^−1^) followed by 60 min shaking in a bag blender (netech-laboratory, Bag Tech®).Fig. 1The diagram of the experimental process of survival of microencapsulated bacteria following sequential incubation in simulated gastric and intestinal juice.Fig. 1

2.8. Evaluation of pH, acidity, and organoleptic properties {#sec0050}
-----------------------------------------------------------

pH and acidity of every product (10 ml of every sample of Doogh beverages in three groups: containing 1 g of beads, containing 1 ml of free bacteria, and control) were measured in 0, 7, 21 and 42 days (at the same time as the survey of survivability of free and microencapsulated probiotic bacteria). For pH and acidity measurement, pH meter (AZ-8601, Taiwan) and Dornic method were used respectively. The evaluations of organoleptic properties of every product (10 ml of every sample of Doogh beverages in three groups: containing 1 g of beads, containing free bacteria, control) were carried out by 32 taste panel (25--35 years old; 16 male and 16 female) in the same situation as location, lightness, temperature (25 °C), and containers in 7, 21 and 42 days. \[[@bib0130]\]

2.9. Statistical analysis {#sec0055}
-------------------------

All statistical analyses were performed by SPSS (ver. 22) software. The survivability of bacteria in Doogh samples was examined in this period using a Repeated Measures ANOVA test. The survivability of bacteria in the GI simulation environment was examined in 14, 28 and 42 days after the inoculation of the bacteria by Repeated Measures ANOVA test. The mean of organoleptic scores on different days was compared using the Friedman Statistic test. Kruskal-Wallis none parametric test carried out for comparison of free, coated and control Doogh beverage samples. Acidity and pH of Doogh samples were assessed on days 0, 7, 21 and 42 after incubation. Each measurement has been repeated twice. The ANOVA statistic test and Bonferroni Post Hoc test performed to compare different experimental groups.

3. Results and discussion {#sec0060}
=========================

In this study, during the study period of 42 days, we assessed several characteristics of Iranian Doogh samples containing free and microencapsulated bacteria as follows:

3.1. Production of Eudragit S100 nanoparticles {#sec0065}
----------------------------------------------

In this study, 100--150 nm-sized nanoparticles were prepared by homogenization of Eu S100 powder (26000 rpm or 75712 G-force, 10 min). Hu et al. also used Eu S100 powder and acetone solvent with the SAS method to produce nanoparticles of Eudragit. They attained uniform nanoparticles with an acceptable size (147 nm). This study performed at 35 °C temperature and 15 MPa pressure. In our study, we used the homogenization method to break down particles instead of increasing environmental pressure, and the size of obtained nanoparticles by our method was similar to Hu et al. study. After the preparation of the Eu S100 via modified SAS processing, the particle size and PDI of Eu S100 particles was 100 nm and 0.410 respectively. PDI was dimensionless and ranged in the rates less than 0.05 and is rarely able to be seen apart from extremely monodisperse standards. Concerning the DLS normally the producer announces that the PDI should be less than 0.6-0.7 to have a reliable dimension, at least for Zetasizer \[[@bib0285],[@bib0290]\].

3.2. External and internal characteristics of double-coated beads {#sec0070}
-----------------------------------------------------------------

The interior appearance of the beads is shown in [Fig. 2](#fig0010){ref-type="fig"}. The image of the beads underneath optical microscope at 10× magnification showed that the beads were sphere-shaped with a mean diameter about 1 mm, and as well the cross-section and interior appearance of beads at 40× and 100× magnification demonstrated that the bacterial cells were located haphazardly in the alginate matrix (See [Fig. 2](#fig0010){ref-type="fig"}). Furthermore, a scanning electron microscope (SEM) was employed for distinguishing between surfaces of beads with or without Eu nanoparticle coating ([Fig. 3](#fig0015){ref-type="fig"}a, b). In cases where the Eu S100 nanoparticles were used as a second coat for microencapsulation, a smooth surface was observed, which may indicate greater densities and strength of the beads against adverse environmental conditions. But, in the beads without this coating, a rough, irregular surface was created (See [Fig. 3](#fig0015){ref-type="fig"}a, b). In addition to the type of material used in the coating, various studies have shown that the smoother the surface of the beads, the stronger it is against destructive conditions, and the rougher and more porous it is, the weaker it is \[[@bib0040],[@bib0295], [@bib0300], [@bib0305]\].Fig. 2Vertical cross-section and internal appearance of the bead at 40× and 100× magniﬁcation following gram staining (See the positive gram lactobacilli are distributed arbitrarily in the alginate medium).Fig. 2Fig. 3a, b. Scanning electron microscope photomicrographs of beads. Beads encapsulated form only with chitosan coating (a) and beads encapsulated form with chitosan and Eu S100 nanoparticles coating (b).Fig. 3

3.3. Survival of probiotic bacteria during storage into Iranian Doogh beverage {#sec0075}
------------------------------------------------------------------------------

The measurement in each day (seven days from 0 to 42 days, each with 7 days interval) was selected as the within-subject factor with 7 levels, the species of bacteria and the form of them (free or microencapsulated) were selected as between-subject factors. Bacterial count in Doogh containing free and encapsulated bacteria is demonstrated in [Table 1](#tbl0005){ref-type="table"}. The Bacterial count was repeated twice for each sample and the mean of these repetitions is shown.Table 1Bacterial viability (cfu ml^−1^) (Mean ± SD of duplicate samples) comparison of Doogh in lab environment.Table 1Experimental GroupBacteriaDay 0Day 7Day 14Day 21Day 28Day 35Day 42Free*Lactobacillus acidophilus*5.5 × 10^8^±2.1 × 10^8^8.2 × 10^7^±1.3 × 10^7^4.2 × 10^6^±2.5 × 10^6^3.4 × 10^6^±1.3 × 10^6^4.4 × 10^6^±7.1 × 10^4^7.7 × 10^5^±2.2 × 10^5^5.8 × 10^4^±4.4 × 10^4^*Lactobacillus rhamnosus*3.8 × 10^8^±4.9 × 10^7^6.3 × 10^8^±1.2 × 10^8^8.6 × 10^7^±1.9 × 10^7^3.8 × 10^7^±1.9 × 10^7^1.5 × 10^6^±9.0 × 10^5^8.7 × 10^5^±2.0 × 10^5^1.5 × 10^4^±8.5 × 10^3^Microencapsulated*Lactobacillus acidophilus*5.0 × 10^9^±1.3 × 10^9^2.3 × 10^8^±2.1 × 10^6^3.3 × 10^8^±1.8 × 10^8^2.6 × 10^8^±8.5 × 10^7^2.3 × 10^8^±1.8 × 10^8^1.9 × 10^9^±5.5 × 10^8^7.4 × 10^7^±1.8 × 10^7^*Lactobacillus rhamnosus*7.8 × 10^9^±2.0 × 10^9^7.0 × 10^8^±8.5 × 10^7^5.4 × 10^8^±2.5 × 10^8^5.1 × 10^8^±3.0 × 10^8^6.1 × 10^7^±2.7 × 10^7^1.4 × 10^7^±1.7 × 10^7^9.0 × 10^5^±1.3 × 10^5^

During the storage period (42 days), bacterial count (cfu g^−1^) of *L. acidophilus* in the free form reduced from 5.5 × 10^8^ to 5.8 × 10^4^; in the microencapsulated form reduced from 5.0 × 10^9^ to 7.4 × 10^7^. *L. rhamnosus* in the free form reduced from 3.8 × 10^8^ to 1.5 × 10^4^; in the microencapsulated form reduced from 7.8 × 10^9^ to 9.0 × 10^5^.

There was not any significant difference between survivability of two species of bacteria (P = 0.408) but the survivability of the microencapsulated form of bacteria was higher in comparison to the free form of bacteria (P = 0.001). The survivability of bacteria reduced significantly during the study (P \< 0.001) and microencapsulated bacteria were more stable in comparison to free forms (P = 0.002).

In a similar study, the effects of encapsulation of *L. acidophilus* and *B. lactis* with calcium alginate on cell survival in Iranian Doogh during storage at 4 °C for 42 days were investigated. At day 42, the viable counts of *L. acidophilus* and *B. lactis* in the products containing encapsulated bacteria were 5.5 and 4.0 log cycles upper than those containing free bacteria, respectively \[[@bib0310]\].

Chitosan has been examined as a first or second coating for probiotic microencapsulation in beverages. In a study, Obradović et al. \[[@bib0315]\] investigated the influence of chitosan coating on the mechanical stability of biopolymer carriers with probiotic starter culture in fermented whey beverages. The results showed that adding of chitosan as a coating on the beads as well as the fermentation procedure enhanced the elastic modulus of the calcium alginate-whey beads and bacterial survival. Although, the coating did not considerably improve the viability of probiotics \[[@bib0315]\]. In a similar study, Shu et al. \[[@bib0320]\] studied the effect of xanthan--chitosan encapsulation on the survival of *L. acidophilus* in simulated GI condition and dairy drink. Encapsulated *L. acidophilus* showed significantly higher resistance to simulated gastric fluid and simulated intestinal fluid than non-encapsulated samples. Also, this study showed that xanthan--chitosan--xanthan and xanthan--chitosan significantly improved the bacterial viability of *L. acidophilus* in yogurt drink throughout storage time, when compared to free bacteria \[[@bib0320]\].

Chitosan itself is susceptible to degeneration by acids in low pH conditions, so we coated the second layer of anionic Eu around cationic chitosan layer for first time. This second layer is thin and improves the resistance of beads in acidic condition without significant change in the size of beads. Beads with this second layer, release in special pH conditions and in target places like colon \[[@bib0135],[@bib0325],[@bib0330]\]. The results of this study show that Eu S100 nanoparticles on chitosan layer can properly protect probiotic bacteria and maintain the acceptable number of probiotics in Doogh beverage during the storage period.

3.4. Survival of probiotic bacteria throughout GI simulation condition {#sec0080}
----------------------------------------------------------------------

The measurement in each day (days 14, 28 and 42 days) was selected as the within-subject factor with 3 levels, the time of sampling was also selected as a within-subject factor with 5 levels (from 0−120 min, each with 30 min interval). The species of bacteria and the form of them (free or microencapsulated) were selected as between-subject factors. The results of the bacterial count are shown in [Table 2](#tbl0010){ref-type="table"}. As a previous experiment bacterial count was repeated twice for each sample and the mean of these repetitions is shown.Table 2Bacterial viability (cfu ml^−1^) (Mean ± SD of duplicate samples) comparison of Doogh in gastrointestinal simulation environment.Table 2DayExperimental GroupBacteria0 min30 min60 min90 min120 min14Free*Lactobacillus acidophilus*8.7 × 10^6^±3.5 × 10^5^3.3 × 10^5^±2.1 × 10^4^7.8 × 10^4^±3.3 × 10^4^1.3 × 10^4^±2.1 × 10^3^1.1 × 10^3^±0.7 × 10^1^*Lactobacillus rhamnosus*5.3 × 10^7^±2.1 × 10^6^2.9 × 10^6^±5.7 × 10^5^5.1 × 10^4^±2.1 × 10^4^4.9 × 10^4^±6.4 × 10^3^8.0 × 10^3^±2.8 × 10^1^Microencapsulated*Lactobacillus acidophilus*3.4 × 10^8^±4.2 × 10^7^2.0 × 10^8^±1.4 × 10^8^7.8 × 10^7^±4.2 × 10^6^1.0 × 10^7^±7.1 × 10^5^5.3 × 10^6^±1.1 × 10^6^*Lactobacillus rhamnosus*4.3 × 10^8^±1.2 × 10^8^1.3 × 10^8^±2.8 × 10^7^7.2 × 10^7^±2.0 × 10^7^3.4 × 10^6^±7.1 × 10^4^1.2 × 10^6^±1.4 × 10^5^28Free*Lactobacillus acidophilus*4.3 × 10^6^±1.2 × 10^6^7.6 × 10^5^±7.0 × 10^4^4.3 × 10^4^±2.8 × 10^3^6.8 × 10^2^±2.2 × 10^2^8.6 × 10^1^±1.2 × 10^1^*Lactobacillus rhamnosus*3.3 × 10^6^±2.8 × 10^5^9.3 × 10^4^±2.2 × 10^3^6.4 × 10^3^±2.3 × 10^3^6.3 × 10^2^±3.0 × 10^2^2.0 × 10^1^±2.8 × 10°Microencapsulated*Lactobacillus acidophilus*4.9 × 10^8^±3.1 × 10^8^3.4 × 10^8^±1.5 × 10^8^1.6 × 10^7^±2.1 × 10^4^6.2 × 10^6^±2.4 × 10^6^3.7 × 10^5^±2.1 × 10^4^*Lactobacillus rhamnosus*5.5 × 10^7^±0.0 × 10^1^5.1 × 10^7^±2.1 × 10^6^3.8 × 10^6^±6.4 × 10^5^8.1 × 10^5^±4.2 × 10^4^5.7 × 10^4^±4.0 × 10^4^42Free*Lactobacillus acidophilus*6.0 × 10^4^±0.7 × 10^4^4.3 × 10^4^±2.8 × 10^2^5.5 × 10^1^±4.2 × 10°1.7 × 10^1^±0.8 × 10^1^1.0 × 10°±0.0 × 10°*Lactobacillus rhamnosus*1.4 × 10^2^±1.8 × 10^1^8.0 × 10^1^±1.4 × 10°1.1 × 10^1^±0.7 × 10°2.5 × 10°±0.7 × 10°1.0 × 10°±0.0 × 10°Microencapsulated*Lactobacillus acidophilus*4.2 × 10^7^±4.2 × 10^6^1.2 × 10^6^±1.4 × 10^5^1.2 × 10^5^±3.5 × 10^4^1.0 × 10^5^±0.0 × 10°1.0 × 10^2^±0.7 × 10^1^*Lactobacillus rhamnosus*8.7 × 10^5^±9.1 × 10^4^3.2 × 10^5^±1.3 × 10^5^2.1 × 10^4^±5.7 × 10^3^4.4 × 10^3^±2.1 × 10^4^1.9 × 10^1^±5.7 × 10°

In simulated gastrointestinal condition (during 120 min), on day 14, bacterial count of *L. acidophilus* in the free form reduced from 8.7 × 10^6^ to 1.1 × 10^3^; in the microencapsulated form reduced from 3.4 × 10^8^ to 5.3 × 10^6^. On the other hand, *L. rhamnosus* in the free form reduced from 5.3 × 10^7^ to 8.0 × 10^3^; in the microencapsulated form reduced from 4.3 × 10^8^ to 1.2 × 10^6^. On day 42, the reduction of the bacterial count of *L. acidophilus* in the free form was from 6.0 × 10^4^ to 1.0 × 10°; in the microencapsulated form was from 4.2 × 10^7^ to 1.0 × 10^2^. The reduction of *L. rhamnosus* in the free form was from 1.4 × 10^2^ to 1.0 × 10°; in the microencapsulated form was from 8.7 × 10^5^ to 1.9 × 10^1^. The viability of bacteria reduced significantly during the study period (P \< 0.001) and during measurement time (P \< 0.001). *Lactobacillus acidophilus* was more stable in comparison with *Lactobacillus rhamnosus* (P \< 0.001) and miro-coated bacteria were more stable than free bacteria (P \< 0.001).

In a similar study, the effects of encapsulation *L. acidophilus* and *B. lactis* with calcium alginate on bacterial viability in Iranian Doogh during storage at 4 °C for 42 days, as well as under simulated GI situations, were studied. The survivability of the probiotic bacteria enhanced from 0.6 % and 0.2 % (*L. acidophilus* and *B. lactis*, respectively) as free cells to 18.0 % and 9.5 % under the extreme GI situations, after microencapsulation. Under normal GI situation, the probiotic survival rates were 16.1 % for *L. acidophilus* and 21 % for *B. lactis* before microencapsulation, and 26.3 and 34.0 % (*L. acidophilus* and *B. lactis*, respectively) after microencapsulation \[[@bib0310]\].

Calcium alginate coated with chitosan has been used for microencapsulation of probiotic bacteria in several studies e.g. Kanmani et al. \[[@bib0245]\]Chávarri et al. \[[@bib0125]\], and Ghasemnezhad et al. \[[@bib0335]\] too. These studies showed that this method of microencapsulation can improve the survivability of probiotic bacteria in simulated GI conditions in comparison with free forms \[[@bib0125],[@bib0245],[@bib0335],[@bib0340]\]. In our study, we had an effective novel approach in producing beads. In these studies, beads were transferred to simulated GI condition right after production. However, in our study, we initially added beads to the beverage and monitored the survivability of probiotics into the product itself. We also collected beads from the beverage in selected days and examined the viability of probiotics in simulated GI conditions at the same time.

3.5. Organoleptic characteristic {#sec0085}
--------------------------------

Organoleptic characteristic of 7, 21 and 42 days old beverages was tested by 32 students and are shown in [Table 3](#tbl0015){ref-type="table"}. The results show that on day 3, all cases of the organoleptic characteristics (color, texture, flavor, and total acceptability) in all three Doogh products were in better condition than day 21 and day 42. Also on day 3, the score of the product containing free probiotics was higher than the product containing the encapsulated bacteria and the control product, and the same was true on day 21. But on day 42, the product containing free bacteria declined and was reported lower than the other two. Therefore, it can be argued that during the 42-day of product storage, more activity of the free probiotic bacteria (during this period especially after 21-day) produced more lactic acid and other bacterial metabolites inside the product (increasing acidity and decreasing pH, See [Table 4](#tbl0020){ref-type="table"}), thereby reducing the organoleptic properties scores. Obviously, the increased acidity and decrease of pH the increase of bacterial metabolites and some micro materials due to the breakdown of macromolecules in the product by free bacteria, decrease the organoleptic properties of the product. The activity of the encapsulated bacteria is very low resulting in minimal changes in organoleptic properties.Table 3Organoleptic scores of 7, 21 and 42 days old Doogh beverage (Mean ± SD of 32 examiners) in different experimental groups.Table 3Time of measuring (day)GroupColor (from 5)Texture (from 5)Flavor (from 10)Total (from 20)7Free bacteria4.75 ± 0.44^a^4.78 ± 0.42 ^a^9.03 ± 0.78 ^b^18.56 ± 1.01 ^a^Microencapsulated bacteria4.62 ± 0.49^a^4.00 ± 0.51^b^8.00 ± 0.76 ^a^16.53 ± 1.19 ^b^Control4.66 ± 0.48^a^4.59 ± 0.56 ^a^8.25 ± 0.88 ^a^17.50 ± 1.37 ^c^**P value of between group analysisP = 0.547P \< 0.001^d^P \< 0.001^e^P \< 0.001^f^**21Free bacteria4.03 ± 0.53 ^a^4.66 ± 0.54 ^a^8.84 ± 0.57 ^b^17.53 ± 0.87 ^a^Microencapsulated bacteria4.00 ± 0.56 ^a^4.09 ± 0.53 ^b^8.16 ± 0.85 ^a^16.25 ± 1.37 ^b^Control4.03 ± 0.47 ^a^4.75 ± 0.44 ^a^8.12 ± 0.55 ^a^16.94 ± 0.91^a^**P value of between group analysisP = 0.963P \< 0.001^g^P \< 0.001^h^P \< 0.001^i^**42Free bacteria4.00 ± 0.51 ^a^3.19 ± 0.74^b^6.90 ± 0.58 ^a^14.09 ± 1.03 ^a^Microencapsulated bacteria4.06 ± 0.50 ^a^4.00 ± 0.51^a^7.97 ± 0.59 ^b^16.03 ± 0.82 ^b^Control4.00 ± 0.51^a^4.00 ± 0.57^a^7.00 ± 0.47 ^a^15.00 ± 0.80 ^c^**P value of between group analysisP = 0.850P \< 0.001^j^P \< 0.001^k^P \< 0.001^l^P value of within group analysis7, 21, 42\<0.001^m^\<0.001^n^\<0.001**°**\<0.001^p^**[^1]Table 4pH and acidity of 0, 7, 21 and 42 days old Doogh beverage (Mean ± SD of two replications) in different experimental groups.Table 4Time of measuring (day)GrouppHAcidity0Free bacteria4.11 ± 0.01^b^70.25 ± 0.35 ^a^Microencapsulated bacteria4.15 ± 0.01^a^69.75 ± 1.06^a^Control4.16 ± 0.00^a^69.00 ± 1.41 ^a^**P value of between group analysisP = 0.008^d^P=0.551**7Free bacteria3.72 ± 0.11^a^77.25 ± 0.07 ^a^Microencapsulated bacteria3.84 ± 0.05^a^75.55 ± 0.07^a^Control3.89 ± 0.01^a^73.50 ± 0.71^b^**P value of between group analysisP = 0.173P = 0.007^e^**21Free bacteria3.50 ± 0.01^b^88.95 ± 0.07 ^a^Microencapsulated bacteria3.63 ± 0.02^a^79.30 ± 0.14^b^Control3.64 ± 0.02^a^78.00 ± 0.00 ^c^**P value of between group analysisP = 0.007^f^P \< 0.001^g^**42Free bacteria2.82 ± 0.03 ^b^110.10 ± 0.14^b^Microencapsulated bacteria3.34 ± 0.06 ^a^90.10 ± 0.14^a^Control3.37 ± 0.03^a^89.35 ± 0.21^a^**P value of between group analysisP = 0.002^h^P\<0.00^i^P value of within group analysis0,7, 21, 42\<0.001^j^\<0.001^k^**[^2]

3.6. Acidity and pH of Doogh samples during 42 days storage {#sec0090}
-----------------------------------------------------------

Acidity and pH of Doogh samples were assessed on days 0, 7, 21 and 42 after incubation and results are demonstrated in [Table 4](#tbl0020){ref-type="table"}.

During the storage period, the pH and acidity were decreased and increased respectively. In beverages containing the free form of bacteria, pH and acidity changes were greater than those of microencapsulated and control groups. As discussed in the previous section (section [3.5](#sec0085){ref-type="sec"}), the high activity of free probiotic bacteria inside the product results in higher production of lactic acid and other bacterial metabolites, resulting in an increase in acidity and a decrease in pH during the product shelf life. Changes in products containing encapsulated bacteria are negligible due to the low activity of the bacteria. It seems that increasing the acidity and decreasing pH in addition to major changes in the organoleptic properties of the product also affects the viability of the probiotic bacteria in the Doogh during 42-day storage (See [Tables 3,4, and 1](#tbl0015){ref-type="table"}).

In a similar study, the impacts of microencapsulation of *L. acidophilus* and *B. lactis* with calcium alginate on cell survival in Iranian Doogh during storage at 4 °C for 42 days were investigated. The pH of the Doogh at the beginning of storing was 4.53 and the final pH at the end of storage was 4.52 and 3.78 for the products enclosing microencapsulated and free probiotics, respectively. The acetic acid content in the Doogh containing encapsulated probiotics enhanced by 0.01 % (from 0.05 to 0.06 %) throughout the storage era, although for Doogh containing free probiotics the enhancement was 0.04 % (from 0.05 to 0.09 %) \[[@bib0310]\].

4. Conclusions {#sec0095}
==============

In this investigation, we applied chitosan and Eu S100 nanoparticles for coating encapsulated Lactobacilli probiotics in Iranian Doogh beverage and evaluated the survivability of containing the bacteria and final product characteristics throughout a 42 days investigation era. The consequences of this study suggest that the encapsulation of *L. acidophilus* and *L. rhamnosus* with calcium-alginate and then double layer coating of these beads via chitosan and Eu S100 nanoparticles can increase the survivability of these probiotics in Iranian Doogh beverage as well as in human GI lumen. This method of microencapsulation can also prevent bacteria from generating acids and metabolites that contribute to unwanted variations in taste and flavor of Doogh beverage. These metabolites may also damage the probiotic bacteria and decrease their survivability. The second coating layer-Eu S100 nanoparticles not only guards beads in the acidic milieu but also can cause beads to release in the colon zone which is the target place for the best function of probiotics.

Author statement {#sec0100}
================

These authors Hadi Pourjafar, Negin Noori, Hasan Gandomi, Afshin Akhondzadeh Basti, and Fereshteh Ansari declare that the all of descriptions in the manuscript are accurate and agreed by all authors.

CRediT authorship contribution statement {#sec00005}
========================================

**Hadi Pourjafar:** Conceptualization, Methodology, Investigation, Validation, Writing - review & editing, Software. **Negin Noori:** Supervision, Validation, Data curation. **Hasan Gandomi:** Supervision, Visualization. **Afshin Akhondzadeh Basti:** Supervision, Visualization, Data curation. **Fereshteh Ansari:** Software, Writing - review & editing.

Declaration of Competing Interest
=================================

The authors declare thaconf there are no conflicts of interest.

This article is related to a PhD thesis (No. 612- Hadi Pourjafar) from the University of Tehran; its preparation and investigattion work was supported by the Department of Food Hygiene, Tehran, Iran.

[^1]: Different letters indicate significant differences between groups in each day.
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